The XMAP215/Stu2/Alp14 microtubule polymerases utilize Tumor Overexpressed Gene (TOG) domain arrays to accelerate microtubule plus-end polymerization. Structural studies suggest a microtubule polymerase model in which TOG arrays recruit four αβ-tubulins, forming large square assemblies; an array of TOG1 and TOG2 domains may then unfurl from the square state to polymerize two αβ-tubulins into protofilaments at microtubule ends. Here, we test this model using two biochemically characterized classes of fission yeast Alp14 Introduction.
tandem TOG1-TOG2 and TOG3-TOG4 arrays, which are separated by charged regions. These metazoan TOG arrays are comparable to the homodimeric yeast Alp14 or Stu2 TOG1-TOG2 arrays (Al-Bassam and Chang, 2011; Brouhard et al., 2008; Widlund et al., 2011) . Recent studies show that TOG domains selectively bind αβ-tubulin in a curved conformation of its soluble form. These findings suggest a potential mechanism for how TOG domains release αβ-tubulins upon adopting a straight conformation during polymerization into the MT plus-ends (Ayaz et al., 2014; Ayaz et al., 2012; Brouhard and Rice, 2014) . However, how arrays of TOG domains found in the native MT polymerases function to polymerize αβ-tubulins at the growing MT end still remains unclear.
XMAP215/Stu2/Alp14 MT polymerases localize to the growing plus ends of MTs in a process known as MT plus-end tracking. In vitro reconstitution assays demonstrate that these purified proteins are able to track microtubule plus-ends without additional factors (Al-Bassam et al., 2012; Brouhard et al., 2008) . Single molecule experiments suggest that single XMAP215 molecules reside at MT plus-ends for many seconds and thus may operate for many rounds of αβ-tubulin polymerization (Brouhard et al., 2008) . The mechanisms for MT plus-end tracking by XMAP215/Stu2/Alp14 proteins appear to be distinct from those of other MT plus-end tracking proteins, such as EB1 or CLIP-170 family proteins (Akhmanova and Steinmetz, 2011, 2015; Asbury, 2008; Brouhard et al., 2008) . Yeast Alp14 and Metazoan XMAP215 bind tightly to the extreme tips of polymerizing MT plus ends and translocate with them during polymerization (Al-Bassam et al., 2012; Brouhard et al., 2008) . In contrast, EB1 proteins bind an extended zone at the MT plus-end defined by the GTP nucleotide state of the polymerized αβ-tubulin, and dissociate without translocation along with polymerizing microtubule plusends (Maurer et al., 2011; Maurer et al., 2014) . Numerous studies have implicated the TOG domains and charged Sk-rich regions of these proteins in plus end tracking, but the mechanisms for tracking at a structural level remains poorly explored (Al-Bassam et al., 2012; Brouhard et al., 2008; Widlund et al., 2011 ).
In the accompanying manuscript (Nithianantham et al 2018) , we describe structural studies that provide a new mechanistic model for TOG domain arrays and MT polymerase function. We used X-ray crystallography to define two different conformations of TOG1-TOG2 arrays bound to tubulins: 1) a wheel-like square-shaped dimeric assembly in which four TOG domains are bound to four αβ-tubulins in a head to tail fashion, and 2) a putative polymerization complex in which each TOG1-TOG2 subunit is unfurled due to a 68° rotation of TOG2 around TOG1, promoting the concerted polymerization of their bound αβ-tubulins into a curved protofilament. In the polymerized assembly complex, TOG1 and TOG2 specifically bind the lower and upper αβ-tubulins. Our biochemical studies suggest TOG1 and TOG2 exhibit distinct exchange rates for αβ-tubulin. These data suggest a "polarized unfurling" model of MT polymerase function: the square structure may be a recruitment complex that delivers αβ-tubulins in the proper configuration to the protofilament end; there, this complex unfurls its TOG domains promoting the concerted polymerization of two αβ-tubulins onto the growing MT-plus end.
A key question is whether these structures represent true intermediates in MT polymerization pathway. The polarized unfurling model makes specific predictions about the function of distinct TOG domains in recruiting αβ-tubulins and the interfaces between TOG domains, which are responsible for formation of the square assembly. For instance, the model predicts that TOG1 bound tubulin is incorporated at the base of a newly unfurled protofilament to anchor the TOG array, while TOG2 promotes insertion of its αβ-tubulin via rotation around the TOG1 anchored αβ-tubulin. The unfurling process likely requires that TOG2 is anchored onto TOG1 via interface 2. The binding of four αβ-tubulins by the square complex, formed by TOG1-TOG2 dimers and stabilized by interfaces 1 and 2, may serve a critical role in the recruitment, delivery, and pre-arrangement of these αβ-tubulins at the polymerizing MT end (Nithianantham et al 2018) .
Here, we study the XMAP215/Stu2/Alp14 MT polymerase mechanism and test this model through analyses of structure-based Alp14 mutants specifically inactivating TOG-tubulin interactions and in the interfaces necessary for square complex assembly (Figure 1 -Supplement 1B). We study these mutants using a combination of in vitro MT reconstitution assays and in vivo imaging of dynamic MTs in S. pombe cells. Our studies reveal that αβ-tubulin-recruited by TOG1 and TOG2 domains serve distinct roles in MT polymerase cycle: the TOG1-tubulin interaction is critical for processive MT plus-end tracking, while TOG2-tubulin interaction is critical for accelerating MT polymerization. The assembly of TOG1-TOG2 subunits into a TOG square complex is essential for processive MT-plus end tracking and polymerase activity.
Results
The TOG1 and TOG2 recruitment of αβ-tubulin serves distinct roles in MT polymerase and plus-end tracking TOG domains bind soluble αβ-tubulin via a narrow interfaces formed by the inter-HEAT repeat loops (Nithianantham et al, 2018; Ayaz et al., 2014; Ayaz et al., 2012) . Biochemical analyses indicate that the two types of yeast TOG domains exhibit different affinities for αβ-tubulin and these affinities can be modulated by the ionic strength of the solution (Nithanantham et al. 2018; Ayaz et al., 2014) .
TOG1 binds αβ-tubulin tightly at both 50 mM and 200 mM KCl while TOG2 binds to αβ-tubulin tightly at 50 mM KCl, and loosely at 200 mM KCl (Nithanantham et al. 2018 ; Figure 1A ). To differentiate among the functions of αβ-tubulin recruitment by TOG1 and TOG2 and their contribution to MT-plus end tracking and polymerase activities, we first studied the effect of changing the solution ionic strength from 50 to 200 mM KCl on the MT polymerase activity of dimeric fission yeast Alp14. We used near-native dimeric S. pombe Alp14 (residues 1-690; termed wt-Alp14) and dynamic MT polymerization assays visualized by TIRF microscopy (Figure 1 Supplement 2) (Al-Bassam, 2014) . Such a change in the ionic strength has virtually no effect on αβ-tubulin polymerization activity at MT plus ends in the absence of Alp14 (Table S1 ). Our biochemical analyses show that increasing ionic strength from 50 mM to 200 mM KCl rapidly accelerates the αβ-tubulin exchange by the two TOG2 domains in wt-Alp14 (Nithianantham et al, 2018) . MT dynamic TIRF assays show that wt-Alp14 accelerates MT plus-end polymerization by roughly four (0.38 µm/min to a maximal 1.52 µm/min) while tightly tracking the tips of MT plus-ends ( Figure 1B) ; (Al-Bassam et al., 2012) . In contrast at 50 mM KCl where wt-Alp14 maintains tight αβ-tubulin binding and slow exchange via TOG2 domains, we observe that the maximal MT polymerase for wt-Alp14 plateaus at ~1.07 µm/min, suggesting a ~40% decrease in activity compared to its activity at 200 mM KCl (t-test p < 10 -5 ).
Next, we studied Alp14 mutants in which αβ-tubulin recruitment by TOG1 and TOG2 is structurally inactivated specifically via mutations in three conserved loops at their αβ-tubulin interfaces ( Figure 1C ; Figure 1 -Supplement 1A-B) (Nithianantham et al, 2018; Ayaz et al., 2014; Ayaz et al., 2012 Nithianantham et al 2018) . We studied the MT polymerase activities of TOG1M, TOG2M and TOG12M at 200 mM KCl using dynamic MT TIRF microscopy assays ( Figure 1 -Supplement 2A). TOG1M and TOG2M mutants show more than 60-70% decrease in maximal MT polymerase activity, compared to wt-Alp14
( Figure 1D ). The maximal MT polymerase activity for TOG1M (~0.84m/min) is slightly higher than the TOG2M activity (0.70 µm/min) ( Figure 1D) . Surprisingly, the activity of TOG2M is strikingly indistinguishable from the activity of TOG12M (~0.65 µm/min)( Figure 1D ). Our data suggest the contributions of TOG1 and TOG2 to the Alp14 MT polymerase activity are not additive. Both TOG1 and TOG2 are necessary for different aspects of the MT polymerase mechanism.
Although TOG2 exchanges tubulin rapidly, its inactivation leads a more severe loss in MT polymerase activity similar to inactivation of all TOG domains.
To further test whether MT plus-end tracking defects of these mutants relate to differences in the αβ-tubulin exchange rates by TOG1 and TOG2 domains, we studied the MT polymerase activities of TOG1M and TOG2M mutants at 50 mM KCl ( Figure 1G ). At 50 nM TOG1M, we observe ~40% decrease in MT polymerase activity (0.74 µm/min) compared to wt-Alp14 (1.07 µm/min), while TOG2M shows a more than ~83% activity loss (0.38 µm/min), which is lower than the MT polymerization rate in absence of Alp14 (0.50 µm/min). At 50 mM KCl, TOG1M clearly retains higher MT polymerase activity than TOG2M, but a lower activity level than wt-Alp14. At 50 mM KCl, MT shrinkage was dramatically decreased for TOG1M and TOG2M in contrast to wt-Alp14, which showed a similar rate to the absence of Alp14 ( Figure 1G ).
Next, we analyzed the MT plus-end tracking activities for wt-Alp14 and the three mutants at 200 mM KCl ( Figure 1E ). wt-Alp14 tightly tracks polymerizing MT-plus ends throughout MT polymerizing phases. In the presence of 200 nM wt-Alp14, almost all MT ends retain plus-end tracking signal throughout polymerization phases (as seen in Figure 1 -Supplement 2B) (Al-Bassam et al., 2012) . At saturating 200 nM conditions, Alp14 exhibits long tracks at polymerizing MT plusends ( Figure 1E , left panel). In comparison, TOG1M only partially tracks polymerizing MT plus-ends and shows mostly short tracks, with extensive periods without TOG1M tracking at MT plus ends ( Figure 1E , second panel). In contrast, TOG2M tracks polymerizing MT plus-end in a similar manner to wtAlp14, with long tracks at MT plus-ends throughout polymerizing phases ( Figure   1E , third panel). TOG12M does not bind polymerizing MT-plus ends, and mostly diffuses along MT lattices through polymerizing phases and was thus not studied any further in vitro ( Figure 1E , fourth panel).
At 50 mM KCl, TOG2M and TOG1M mutants track MT-plus-ends with unique patterns indicative with differences in TOG domain affinities to MT plus-ends.
Both wt-Alp14 and TOG2M tightly track the tips of polymerizing MT plus-ends. In contrast, TOG1M localization at growing MT plus-ends changes dramatically from 200 to 50 mM KCl ( Figure 1F -left and third). TOG1M molecules regularly dissociate from MT plus-ends and diffuse along lattices during MT growth phases, and molecules may rebind MT-plus ends during MT shrinkage phases ( Figure   1F -second panel). TOG2M, in contrast, remains tightly bound to growing and shrinking MT plus-ends ( Figure 1F -third panel). These data support the idea that the αβ-tubulins recruited by TOG1 and TOG2 serves distinct roles in MT-plus end tracking and MT polymerase activities. Thus, TOG1 is more essential for MT plus-end tracking, while TOG2 serves a greater role in MT polymerase activity.
The roles of TOG1 and TOG2 domains within Alp14 arrays are not equal or additive for these functions. Our studies suggest that the αβ-tubulin recruitment by TOG1 and TOG2 domains play unequal roles in MT plus-end tracking and polymerase activities of Alp14.
The αβ-tubulins recruited by TOG1, but not TOG2, domains are critical for processive Alp14 MT plus-end tracking.
To understand the role of TOG1 and TOG2 αβ-tubulin recruitment during MT plus-end tracking, we measured the average residence ratios and their variation for wt-Alp14, TOG1M and TOG2M at MT plus-ends in saturating conditions (200 nM Alp14) using dynamic TIRF assays. For each tracking event, the residence ratio is determined as the duration of Alp14 plus-end signal tracks compared to duration of MT-plus end polymerizing phase ( Figure 2A , further detail in Figure 2 Supplement 1; see materials and methods). Figure 2B shows that wt-Alp14
associates with polymerizing MT-plus ends throughout polymerizing phases and exhibits a very high residence ratio and low variance (89.42% average; range 36.9%). In contrast, TOG1M binds MT-plus ends with a lower residence ratio and high variability (72.37% average; range 86.13%) ( Figure 2B ). TOG2M associates with MT plus-ends with a high residence ratio and low variance, nearly identical to wt-Alp14 (average 91.1%; range 40%) ( Figure 2B ). The degree of variance in MT plus-end tracking ratios at 200 nM Alp14 suggests that multiple Alp14 molecules may be synchronized at MT-plus ends or form cooperative interactions at MT plus ends and in the TOG1M these events become asynchronous. Thus, TOG1 is essential for MT plus-end association leading to long plus-end tracks, while TOG2 domain inactivation does not affect tracking.
Next, we utilized single molecule MT dynamic TIRF assays to determine the average dwell time of Alp14 molecules at MT-plus ends. We used C-terminally To measure dwell times of individual fluorophores, 100-150 events were fitted to an exponential decay model to determine the average dwell time ( Figure 2C ; see Materials and Methods). We measured a dwell time of 129.3 sec (n=164) for wtAlp14 at polymerizing MT plus-ends, suggesting it is an extremely processive tracking protein ( Figure 2C ; additional example kymographs are shown in Figure   2 -Supplement 2C). Alp14 molecules are 20-fold more processive at tracking MT plus ends than XMAP215 molecules. This difference is likely due the presence of two TOG1 and TOG2 domains in each Alp14 molecule compared to only active TOG1 and TOG2 domains per XMAP215 molecule (Brouhard et al., 2008) .
We measured an average dwell time for TOG1M molecules of 57.4 sec (n=130), which is roughly one-third that observed for wt-Alp14 ( Figure 2C ; additional example kymographs are shown in Figure 2 -Supplement 2D). TOG2M shows an average dwell time of 132.2 sec (n=152) at MT plus ends similar to wt-Alp14
( Figure 2C ; additional example kymographs are shown in Figure 2 -Supplement 2E). These studies show that at a single molecule level, TOG1M displays short MT plus-end dwell time, which is consistent with the defects observed in MT plus end residence ratios in bulk MT dynamic assays (Figure 2A-B) . Our studies suggest that TOG1 domain is critical for processive MT plus-end association, while TOG2 domain is critical for MT polymerase activity, but its inactivation leads to no defect in MT plus-end tracking, in the presence of TOG1 domains.
Using the single molecule dwell times and MT polymerase rates, we calculated the tubulin subunits added per MT-end or protofilament in each binding event, as described in Table S2 . The wt-Alp14 polymerizes ~422 αβ-tubulin subunits per event, TOG1M promotes ~99 αβ-tubulin subunits per event, while TOG2M
promotes the polymerization of ~193 αβ-tubulin subunits due to its longer dwell time.
Inactivating αβ-tubulin recruitment by TOG1 and TOG2 domains in vivo reveals distinct defects in Alp14 MT polymerase and plus-end tracking activities.
We next studied the activity of these mutants in living fission yeast cells. The effects of Alp14 on MT dynamics in interphase and mitosis have been extensively characterized in fission yeast (Al-Bassam et al., 2012; Kakui et al., 2013; Okada et al., 2014; Flor-Parra et al., 2018) . We replaced the chromosomal First, we determined the effects on these mutants on Alp14 function on yeast colony growth using spot assays. alp14∆ cells are known to be sensitive to growth in cold (20 °C) and high temperatures (36 ºC) (Garcia et al., 2001) and to the MT inhibitor Methyl 2-benzimidazolecarbamate (MBC) (Sato and Toda, 2007; Sato et al., 2004) . TOG12M cells showed similar growth defects as the null strain MT polymerization rates in alp14 null cells (1.1 µm/min) was about 2-3 fold lower than in alp14+ cells (3.18 ± 0.85 µm/min), similar to as described previously (AlBassam et al., 2012; Flor-Parra 2018) (Table S3 ; Figure 3A -B). TOG1M and TOG2M showed significant decreases in MT polymerization rate (1.55 ± 0.48 µm/min and 1.32 ± 0.31 µm/min, respectively), while the TOG12M strain showed a more severe growth defect similar to alp14-null cells (1.15 ± 0.25 µm/min).
These results contrast with a previous result that a deletion of the TOG1 domain only gives a small defect in MT growth rate (Flor-Parra et al., 2018) ; it is not clear why this deletion mutant of TOG1 has less of an effect than the TOG1M point mutant, but one reason could be that the TOG1∆ protein assembles into an abnormal complex that nevertheless is functional. alp14 null mutants also affect MT shrinkage rates (Al-Bassam et al., 2012) , and consistently, the TOG mutants affected shrinkage to a similar degree as the polymerization rate ( Figure show that these TOG mutations cause significant defects in MT polymerase activity.
The TOG1M and TOG12M mutants also exhibited defects in MT plus end tracking ( Figure 3A , see additional example kymographs in Figure 3 -Supplement 3D). In general, the TOG1M, TOG2M and TOG12M mutant Alp14 proteins still localized to growing MT plus ends to varying degrees. Measurements of fluorescence intensity of Alp14 and mutants tagged with GFP showed that TOG1M, TOG2M and TOG12M exhibited significant decreases in intensities with increased variability at MT plus ends ( Figure 3D ; Table S3 and observed defects in all the mutants suggesting shorter average dynamic MT lengths and fewer MTs reaching the cell cortex probably due to poor polymerization rates leading to shorter lengths. In sum, these data are consistent with defects seen in vitro and show that both TOG domains are needed for optimal MT polymerase and tracking activity in vivo. Further, TOG2M
has a more critical role in MT polymerase activity, while TOG1 is more critical for MT plus end tracking.
TOG square assembly interfaces are critical for MT polymerase activity
We present X-ray structures in the accompanying manuscript suggesting that TOG1-TOG2 arrays self-assemble into dimeric square assemblies via two sets of interfaces 1 and 2 (Nithianantham et al, 2018) . To test the function of the square assembly conformation, we generated and studied three Alp14 mutants that specifically disrupt the interfaces that hold together the square assembly organization ( Figure 4A -B, Figure 1 -Supplement 1A-B). We generated an 8-residue mutant that inactivates interface 1, which is responsible for stabilizing the inter-subunit dimerization interface (termed INT1). We generated a 7-residue mutant that inactivates interface 2, which stabilizes the intra-subunit interface (termed INT2). We also constructed a dual interface mutant that mutates all 15-residues to inactivate both intra-and inter-subunit interfaces (termed INT12) ( Figure 4A-B) . Biochemical analyses show that these mutants behave nearly identical to wt-Alp14 in terms of tubulin binding: they bind αβ-tubulin with near identical stoichiometry, and exhibit rapid exchange by their TOG2 domains (Nithianantham et al, 2018 (Nithianantham et al 2018) .
Using MT dynamic TIRF assays we studied the MT plus-end tracking and polymerase activities of INT1, INT2, and INT12 mutants in comparison to wtAlp14 (Table S1 ; Figure 4C ). INT1 shows a 49.1% decrease in maximal MT polymerase (0.96 ± 0.03 µm/min) compared to wt-Alp14. Additionally, INT2 displays a 67.9% loss in maximal MT polymerase activity (0.75 ± 0.02 µm/min).
Mutating both interfaces simultaneously, INT12 mutant causes the greatest loss of MT polymerase activity of any Alp14 mutant studied so far in vitro (0.53 ± 0.02 µm/min, which is very comparable to the MT polymerization rate without Alp14 (0.38 ± 0.01 µm/min) ( Figure 4C ; Table S1 ). These data suggest that despite that the ability of INT1, INT2, and INT12 to bind and recruit αβ-tubulins similarly to wtAlp14, these mutants lack the square organization, which suggests it serves a critical role in MT polymerase activity. associates with MT plus-ends extensively and resides at polymerizing MT plusends for extended periods of time ( Figure 1E ). In contrast, INT1 tracks the MTplus ends but displays repeated association and dissociation events, each of which are on 10-40 sec ( Figure 4D ). INT2 associates with MT-plus ends in short durations, similar to the TOG1M, and also displays similar repeated cycles of association and dissociation during MT polymerization ( Figure 4D ; red arrows).
INT12 displayed a severe defect in MT plus-end tracking, where its signal at MT plus-ends shows a high frequency of association and dissociation events during polymerizing phases, each of which is roughly 10-40 seconds ( Figure 4D ). We measured the variations in the tracking ratios for INT1, INT2, and INT12, using the approach described in Figure 2 . Our analysis shown in Figure 5A αβ-tubulin subunits (Table S2 ). These data suggest that the square organization is critical for processive Alp14 MT plus-end tracking and thus its inactivation leads to a severe loss of MT polymerase activity in these mutants.
Inactivating TOG-square interfaces causes defects in tracking of MT plusends in vivo.
We next sought to determine the physiological roles of the TOG square assembly Measurement of tracking ratios also revealed MT tracking defects ( Figure 6E ). Figure 5 ) and show that the square assembly of Alp14 TOG arrays are likely to be important in vivo for consistent processive tracking at MT plus ends, as well as MT polymerase activity.
Discussion
Distinct roles for αβ-tubulin binding and TOG array organization during the MT polymerase cycle.
Our in vitro and in vivo studies suggest that the recruitment of αβ-tubulin by TOG1 and TOG2 domains in arrays is crucial for distinct aspects of MT polymerase and plus-end tracking activities of the XMAP215/Alp14/Stu2 MT polymerases. We also show that non-αβ-tubulin binding interfaces of TOG1 and TOG2 domains, which stabilize the TOG square assembly organization (Nithianantham et al 2018) , are also critical for persistent MT plus end tracking leading to defects in MT polymerase activities. Our studies show distinct defects arising from inactivating the αβ-tubulin binding activities for TOG1 and TOG2, compared to inactivating the non-αβ-tubulin binding interfaces 1 and 2 in near native homodimeric Alp14 both in vitro and in vivo.
The polarized unfurling model suggests that TOG1 and TOG2 domains play distinct roles in MT polymerase and plus-end tracking activities: TOG1 with its high affinity for its αβ-tubulin, anchors the array to the polymerizing MT plus-end, while TOG2 with its rapid exchange for αβ-tubulin, drives αβ-tubulin-αβ-tubulin interaction driving a more rapid polymerization process. However, both TOG1
and TOG2 are critical in the concerted MT polymerase activity. The assembly of a square organization for these arrays is critical in setting the TOG1 and TOG2
positions at polymerizing MT plus ends. The positions of the TOG1 and TOG2
domains are driven by a sequential disassembly of the interfaces stabilizing the square complex upon docking at MT plus end. The specific predictions and defects expected by the polarized unfurling model (Nithianantham et al, 2018) are validated by studies presented here, revealing critical elements in processive MT plus-end tracking, which is a highly conserved feature of XMAP215/Alp14/Stu2 proteins. Our data are consistent with critical roles for multiple TOG domains in Alp14 and XMAP215 MT polymerase activity (Brouhard et al., 2008; Al-Bassam et al, 2012) . In vitro studies of XMAP215 and Alp14 mutants with inactivated tubulin binding interfaces indicate TOG1 and TOG2 are the most critical for MT polymerase activity, but TOG3 and TOG4 in XMAP215 also play important roles (Al-Bassam et al, 2012; Widlund et al., 2011) . Despite their importance for activity, the TOG1 and TOG2 domains are not sufficient as a TOG1-TOG2 construct with charged sequence shows poor activity suggesting full complement of active TOG domains in XMAP215 is essential for MT polymerase activity (Thawani et al., 2018; Widlund et al., 2011) .
Our structural studies suggest that two sequential states drive MT polymerase activity: a αβ-tubulin recruitment state and a polymerization-promoting state domains, which likely form a similar compact organization, where TOG1 with its high affinity for αβ-tubulin is critical for MT polymerase activity (Thawani et al., 2018; Widlund et al 2011) .
Comparison to other MT polymerase models
Studies described by other groups suggest alternate models for MT polymerases function. In these models, disorganized arrays of TOG domains simply recruit αβ-tubulins and concentrate them at MT plus-ends and promote lateral αβ-tubulin interactions (Ayaz et al, 2014), or TOG arrays may promote αβ-tubulin assembly into protofilaments in solution prior to docking onto MT plus ends, but with a reverse order in which TOG1 resides at the outer most αβ-tubulin while TOG2
and beyond bind to MTs (Byrnes and Slep, 2017). Both models indicate that recruitment of αβ-tubulins at MT plus-ends is a disorganized process. In contrast to our polarized unfurling model, these models don't ascribe unique roles to TOG1 and TOG2 domains in the MT plus-end tracking and MT polymerase activities (Rice and Brouhard, 2018). Both of these models suggest only αβ-tubulin recruiting activities, via their αβ-tubulin interfaces, and flexible linkers between TOG domains are critical for MT polymerase activity. These models don't ascribe any role for square assembly interfaces 1 and 2, which don't influence αβ-tubulin binding affinity but affect TOG array organization. Our data suggests that the interfaces that hold together the square organization are critical for processive MT plus-end tracking and thus influence MT polymerase activity.
Contrary to previous models, we show the αβ-tubulins recruited by TOG1 and TOG2 do not incrementally add to both the MT polymerase and processive MT plus-end tracking activities. Decreasing αβ-tubulin exchange in TOG2 through decreasing solution ionic strength directly modulates MT polymerase activity.
Although both TOG1M and TOG2M show MT polymerase defects, our studies reveal these defects originate from unique MT plus-end tracking activities.
TOG1M shows a defect in persistent MT plus-end tracking leading to poor association with MT plus-ends. At 50 mM KCl, TOG1M molecules diffuse away from MT plus ends onto MT lattices (Figure 1 ). In contrast, TOG2M show no defects in MT-plus end tracking, yet a severe decrease in MT polymerase activity.
In both the in vivo and in vitro settings, the MT polymerase defects observed with TOG2M are consistently more severe than those we observed for TOG1M TOG1 bound αβ-tubulin stabilizes the complex at the MT plus-end, while TOG2 drives αβ-tubulin-αβ-tubulin interaction via a rotation and release of its αβ-tubulin on top of TOG1 αβ-tubulin. We tuned the exchange rate by TOG2 in wt-Alp14, either through mutation or manipulating the ionic strength solution conditions, and that modulates the maximal MT polymerase activity without influencing MTplus end tracking. Our structures suggest that a possible origin of these distinct roles is the asymmetric shape of the TOG square assembly interfaces, which may only become destabilized upon docking of αβ-tubulin bound to TOG1 onto the MT plus end, but not the docking of αβ-tubulin bound to TOG2. As a result, TOG1 becomes the "defacto" site for destabilizing the square complex and the unfurling event (Figure 7 ).
TOG square organization is necessary for processive MT plus-end tracking
X-ray structures suggest that Interfaces 1 and 2 stabilize the Alp14 recruitment state (Nithianantham et al 2018) . Upon their inactivation, TOG array-αβ-tubulin complexes show either disordered assemblies or spontaneously polymerized assemblies. The in vitro and in vivo studies here reveal interfaces 1 and 2 are critical for MT plus end tracking and MT polymerase activity despite having no defects in αβ-tubulin association or exchange (Nithianantham et al, 2018 To generate TOG1M and TOG2M mutants, point mutagenesis was used to introduce Trp23Ala, Arg109Ala, and Arg200Ala to inactivate TOG1 (TOG1M) and Trp300Ala, Lys381Ala, and Arg463Ala to inactivate TOG2 (TOG2M) domains and those were combined to generate TOG12M as described in the (outer N and C-terminal edges of TOG1 and TOG2 domains, respectively) were placed in wt-Alp14. All constructs were fully sequenced to confirm the detailed mutations. All constructs were transformed and expressed in SolubBL21 bacterial strains using the T7 expression system, and were grown at 37°C and induced with 0.5 mM isopropyl thio-β-glycoside (RPI) at 18 C overnight. For purification, cells were centrifuged, resuspended in lysis Buffer (50mM HEPES, 400mM KCl, 5mM 2-MercaptoEthano (BME), pH6.8), and then lysed using a microfluidizer (Avastin). Bacterial extracts were clarified via centrifugation at 18,000 x g. Supernatant was passed through 10ml Ni-IDA resin (MachereyNagel) and eluted using Elution Buffer (50mM HEPES, 400mM KCl, 5mM BME, 250mM Imidazole). Elution fractions was then diluted in Salt Cut buffer (50mM HEPES, 50mM KCl, 5mM BME, pH6.8) to approximately 200mM KCl buffer concentration and loaded onto 10ml ion exchange Hitrap-SP (GE) chromatography. The protein was then eluted using a 20 column volumes (CVs) in linear gradient between a Low salt buffer (50mM HEPES, 200-500 mM KCl, 5mM BME, pH6.8) and a High salt Buffer (50mM HEPES, 500mM KCl, 5mM BME, pH6.8). Elution fractions were pooled and concentrated using a 50,000
MWCO Amicon Ultra Centrifugal Filter (Millipore Sigma) and loaded onto Size exclusion gel-filtration chromatography using a Superdex 200 (30/1000) column (GE Healthcare). Purified proteins were used immediately for a period of 3-4 days for dynamic TIRF assays.
In vitro dynamic MT polymerization assays
MT polymerase activity with dynamic MTs was reconstituted using Total internal microscopy was carried out as described previously (Al-Bassam, 2014) with a photobleach correction mixture (Telley et al., 2011) . Movies were captured in TIRF mode using a Nikon Eclipse Ti microscope using 1.5 Na objective using an Andor IXon3 EM-CCD operating with emission filters using alternating filter wheel in 2 sec increments.
Analysis of MT dynamic polymerization parameters
The movies were preprocessed by using photobleach correction and image stabilization plugins using the program FIJI (Schindelin et al., 2012) . Dynamic
MTs were identified and kymographs were generated for multiple channels.
Rates of MT polymerization, depolymerization and their times were determined from individual Kymograph measurements as well as residence of Alp14 molecules at MT plus ends (Al-Bassam et al, 2010; Al-Bassam, 2014) . Large collections of dynamic events for Alp14 or each of its mutants were collected for a variety of solution conditions (Table S1 ). Average MT parameters were determined from Gaussian distributions using MATLAB (Table S1 ). In general all parameters had a single Gaussian distribution. Comparison of parameters shown in Figure 1 and 3 were determined by fits using MATLAB using the following formula.
Analysis of MT plus end Alp14 residence / persistence ratio.
Kymographs of dynamic MT plus ends with 200 nM Alp14-NG or its mutants were used to perform line scans of the MT plus ends in the 633 nm and 488 emission channels. Figure 2 Supplement 1 shows how such line scans were performed. Generally Alp14-NG bulk signal was analyzed during MT polymerization event until catastrophe initiation and included a background measurement. As shown in Figure 2 Supplement 1, the 633 nm channel was used to determine the boundary for MT catastrophe and then the boundary was used in the 488 nm channel to identify the Alp14-NG signal through comparison to background. The level of background signal was then used to create a cutoff in the 488 nm channels for Alp14-NG signal, and any signal above this background cutoff was then counted to determine the duration of Alp14-NG tracking. A variety of events for Alp14-NG and each of its mutants are shown in Figure 2 Supplement 1. To determine the residence ratio, the length of Alp14-NG intensity events above background was then compared to the total length of MT growth events, which represents MT growth time. For each condition, 30-50 events were then analyzed and then compared as shown in figure 2 and 4. Similar analyses were used for in vivo determination of residence ratios.
Single molecule TIRF assays to determine Alp14 dwell time at MT plus ends.
SNAPf-tagged wt-Alp14 (termed Alp14-SNAP) or its mutants were purified, as described for Alp14-NG and as shown in Figure 1 Supplement 1. 10 uM SNAPSurface Atto 488 (also named Benzyl-guanine -Atto-488; NEB) was incubated with 5 uM Alp14-SNAP at 4 °C in 50 mM HEPES, 400 mM KCl, 1 mM DTT.
Excess SNAP-Atto-488 was removed using Zebra spin desalting columns (Thermofisher). Flow chambers functionalized with MT seeds as described above were injected with mixture containing 5 nM Atto-488 labeled Alp14-SNAP, unlabeled 195 nM Alp14-SNAP and 8 uM tubulin containing 5-10% Alexa-Fluor-633 and then imaged with the system described above. The laser power conditions and fluorphore concentrations studied to determine photo-bleaching profiles and confirm that no photobleaching occurred during the time of the experiment.
Movies containing single Alp14-SNAP MT plus-end tracking events, as seen in Figure 1 Supplement 2, were processed as described above. Individual Alp14-SNAPf events were distinguished by an immediate rise in the signal and the similar levels of signal observed above background. The low ratio (2.5%) of labeled Alp14-SNAPf molecules used in our experiments, ensured that single binding/dissociation events did not overlap and we observed single events in our assays. The frequency of durations for 100-150 events for wt-Alp14-SNAPf were counted and fit to an exponential decay model to determine the t (1/2) for Alp14 dwell time on the MT end.
Generation of S. pombe strains with alp14 mutants for functional studies
S. pombe strains are described in Table S4 and were generated by replacing mutant alp14 alleles into the endogenous Alp14 locus. Mutants were made as follows: N-terminal Alp14 sequence was amplified from the T7 bacterial expression vectors (described above and in the accompanying manuscript) using the primers ONF89 and ONF91. C-terminal Alp14-GFP-KanMX sequence was Pictures were taken after incubation for 3-6 days.
Imaging and Analysis of Alp14 and MTs in S. pombe Cells
For live cell imaging, cells were typically grown in YES at 25 ºC for 36 hours keeping them at a density below 0.5 OD 600 . Cells were placed on microslide wells (Ibidi #80821) coated with soybean lectin (Sigma #1395). Images were acquired using a spinning-disk confocal microscope (IX-81; Olympus; CoolSnap HQ2 camera, Plan Apochromat 100×, 1.4 NA objective [Roper Scientific]).
Temperature was stably controlled in the room during imaging at 25 ºC unless otherwise indicated.
Time-lapse sequences were taken every 4 seconds with 13 Z-sections of 0.5 µm for a total time of 3-5 min. Image stacks were analyzed using ImageJ (Schneider et al., 2012) . Maximum intensity Z-projections were used for generating kymographs and intensity analysis. Kymographs and movies of Alp14-GFP and mCherry-Atb2 were used to determine MT growth and shrinkage rates and tracking behavior. The analyses were restricted to growing plus ends of "lead"
MTs that grow out towards the cell tips, as these are likely to be single MTs (approach is described in Figure 3 -Supplement 2A-C) (Hoogs et al., 2007) . MT growth and shrinkage measurements were derived from analyses of kymographs. 
Statistical Analysis
Graphs and statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad Software). C) The activities of TOG1M, TOG2M, and TOG12M in binding αβ-tubulin as described in (Nithianantham et al, 2018) D) Average MT growth rates for dynamic MTs with various Alp14 constructs.
Wt-Alp14 at 200 mM KCl (light blue), wt Alp14 at 50 mM KCl (dark blue).
TOG1M (orange), TOG2M (red) and TOG12M (black). The individual values are reported in Table S1 . while TOG1 shows a lower and highly variable MT-plus end tracking ratio (10-70%) and TOG12M shows a very low plus end tracking ratio (10-60%).
The average values are reported in Table S1 . The ** indicates differences that are significant to values of p <10 -5 . Table S3 , and conditions marked with (*) are statistically significantly different from wt-Alp14 at p < 10 -4 . Table S3 : In vivo MT dynamic polymerization / depolymerization parameters and Alp14 intensity and tracking parameters * marks differences with wt that are significant using student's t-test to the level of p < 0.001 ** marks differences wit wt that are significant using the student t-test to the level of < 0.0001 ns marks differences that are not significantly different from wt based on the students' t-test. 
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